ABSTRACT In this paper, we propose an innovative generalized spatial modulation (GSM) scheme namely grouping GSM (gGSM) to improve the system performance against the high channel correlation in massive MIMO systems. In the proposed scheme, the transmit antennas are divided into several equal-sized groups, and each group conducts spatial modulation (SM) independently. Two grouping methods, i.e., block grouping and interleaved grouping are proposed. In block grouping, the adjacent antennas are gathered in the same group. While in interleaved grouping, the average distance between the antennas in the same group is maximized in order to minimize the impact of channel correlation. In consideration of the practical massive MIMO systems, we conduct the proposed scheme both in a linear antenna array and a 2-dimensional antenna array. To evaluate the performance, we derive a closed-form average bit error probability (ABEP) upper bound for the proposed scheme. According to the ABEP upper bound, we derive the coding gain and diversity order of the proposed scheme to gain insight into the system performance. Numerical results show the performance gain achieved by the proposed scheme compared with the conventional GSM in terms of bit error rate.
I. INTRODUCTION
The The increasing demand for higher date rates in wireless communication systems requires innovative transmission schemes in order to achieve a high spectrum efficiency [2] - [5] . In this regard, multiple-input multipleoutput (MIMO) technology, which is considered to be capable of achieving this objective has attracted increasing attention. The well known MIMO technique, VerticalBell Laboratories Layered Space-Time (V-BLAST) has been proposed to achieve maximum multiplexing gain with simultaneous activation of the transmit antennas, and each transmit antenna requires an independent radio frequency (RF) chain. However, when the technique is utilized in massive MIMO systems with tens or hundreds of antennas deployed at a single communication node, the implementation of hundreds of independent RF chains is too expensive and consumes a large amount of energy.
Index modulation (IM) techniques [6] are considered innovative for wireless communication systems due to its attractive advantages in terms of spectrum and energy efficiency. IM not only utilizes the symbol constellation but also the indices of the transmission entities to convey information bits. Two most popular IM techniques, namely spatial modulation (SM) [7] - [10] and orthogonal frequency division multiplexing with index modulation (OFDM-IM) [11] - [14] which utilize the indices of transmit antennas and subcarriers respectively to carry the additional information have been introduced and studied in recent years. SM can overcome the aforementioned high cost and energy-consuming problems since only one antenna is active at each time instant to transmit the constellation symbol and just a single RF chain is employed at the transmitter. Furthermore, SM enjoys the benefits of remarkably low receiver complexity, spatial multiplexing gain and relaxed inter-antenna synchronization (IAS) requirement.
However, a limitation of SM systems is that the data rate enhancement is proportional to the base-two logarithm of the the number of transmit antennas. When the number of transmit antennas is large, i.e., massive MIMO system, the data rate of SM is even lower than other conventional spatial multiplexing techniques. Moreover, the number of transmit antennas must be a power of two which limits the system design flexibility. To overcome these problems, an extension of SM named generalized spatial modulation (GSM) [15] - [17] was proposed which allows several antennas to be active simultaneously. Thus, more bits can be mapped to the active antenna indices to exploit higher spectrum efficiency, and the restriction of the transmit antenna number is also removed. Especially in massive MIMO scenarios where the transmitter is equipped with a large number of antennas, GSM is considered to be more practical. Moreover, GSM can achieve flexible trade-off between spectrum efficiency and system complexity with a limited number of RF chains. In recent years, GSM has attracted increasing attention. In [18] , by using an optimum combination of transmit antenna and RF chain numbers, GSM can achieve better performance than spatial multiplexing. In [19] , the authors presented a general upper bound framework for the average bit error probability of GSM and utilized it to optimize the system configuration. In [20] , the authors proposed a novel low computational algorithm based on the K-best sphere decoding for the soft detection of the GSM signal.
A challenge that arises in GSM is the detection of the active transmit antenna set which impacts both the detection of space bits and constellation bits. In wireless communication systems, it is common that there exists correlation among the transmit antennas. Especially in massive MIMO systems where a large number of antennas are placed in a limited space, the correlation among the transmit antennas is severely high, which will cause the correct detection of the active antenna set more difficult. Until now, some recent works have emerged to analyze the influence of the channel correlation. The authors analyzed the performance of GSM and SM assuming channel estimation errors and correlated Rayleigh and Rician fading channels in [21] , and a very tight ABEP bound for GSM in correlated fading channels is derived in [22] . The aforementioned works demonstrated that channel correlation can cause system performance degradation. Thus, it is necessary for us to design more proper mapping strategies of the space bits so as to boost the robustness of the antenna detection against correlated channels. Although an optimization strategy of the antenna set is proposed in [22] , it is done via exhaustive research and provides no intuition for massive MIMO systems.
Inspired by this, in this paper, we propose an innovative GSM scheme namely grouping GSM (gGSM) in which the transmit antennas are divided into several equal-sized groups and each group conducts SM independently according to its own space bits. The proposed scheme is quite distinct from conventional GSM which selects the active antenna set according to all the space bits with high complexity.
Thus, if the active antennas are wrongly detected, it only effects the certain space bits in one group instead of the whole space bits. In [23] , some preliminary work has been done for a much simpler case with a small number of antennas (no more than 16) in a linear array, assuming that the active antennas transmits the same constellation symbol. This can simplify the system analysis and bypass the impact of inter-channel interference (ICI). In this paper, we consider massive MIMO systems with larger number of antennas and various antenna array layout. Moreover, the active antennas support different constellation symbols to achieve higher data rate. Thus, the proposed scheme is more generalized and the system analysis is more challenging in consideration of the induced ICI. The main contribution of this paper is as follows.
1. We propose a novel transmit antenna grouping GSM scheme in which the transmit antennas are divided into several equal-sized groups and each group is deployed in an SM manner. Apart from the straightforward idea of gathering the adjacent antennas into the same group, i.e., block grouping, we propose a more robust grouping method in the presence of channel correlation, namely interleaved grouping which can maximize the distance among the antennas within each group and can further improve the system performance. 2. The linear antenna array may not be practical for wireless communication scenarios in consideration of the limited space for antenna placement. Thus, we propose a more practical 2-dimensional antenna array and two specially designed grouping schemes. 3. We derive a tight ABEP upper bound for the proposed scheme. According to the ABEP upper bound, we also derive the coding gain and diversity order of the proposed scheme and compare the coding gain of the proposed scheme with that of conventional GSM. Then, with the aid of Monte-Carlo simulations, we verify the BER performance advantage of the proposed scheme relative to conventional GSM. The rest of this paper is organized as follows. Section II demonstrates the system model of the proposed scheme in consideration of both a linear antenna array and a 2-dimensional antenna array. Section III analyzes the ABEP upper bound of the proposed scheme and derives the coding gain and diversity order of the proposed scheme. Section IV presents the simulation results and discussion. Finally, section V concludes the paper.
Notation:
· · and · denote the binomial coefficient and the floor operation respectively. E{·} represents the expectation operator. || · || stands for the Frobenius norm. | · |, Tr (·) and (·)
H denote the determinant, the trace and the Hermitian transpose of a matrix. ⊗ denotes the Kronecker product. A complex Gaussian distribution with zero mean and variance σ 2 is represented as CN 0, σ 2 .
II. SYSTEM MODEL
Consider a general massive MIMO system which consists of N t transmit antennas and N r receive antennas. Through the wireless channel matrix H ∈ C N r ×N t and the additive white Gaussian noise (AWGN) n ∈ C N r ×1 , the received signal y is given by (1) where n is independently and identically distributed (i.i.d) entries according to CN 0, σ n 2 and x ∈ C N t ×1 denotes the transmitted signal which is comprised of the M -ary phase shift keying (M -PSK) constellation set. The characteristic of H and the structure of x are further discussed in this section.
A. THE PROPOSED SCHEME
In practical wireless communication scenarios, the transmit or receive antennas are usually placed very nearly due to the limited size of the wireless terminal. Thus, the correlation among the antenna elements is high especially when the number of transmit antennas is huge, i.e., massive MIMO systems. For conventional GSM, the space bits are based on the selection of the whole transmit antenna set. The correlation among the transmit antennas will degrade the detection of space bits which may lead to catastrophical errors in the detection of the active antenna indices. Meanwhile, the errors in the detection of the active antennas will also in turn influence the detection of the modulated symbols on the active transmit antennas. Thus, there is an urgent need for us to propose a more reasonable way to map the space bits to the indices of active antennas which can weaken the impact of the transmit antenna correlation. Thus, we divide the transmit antennas into several equalsized groups and each group operates SM independently, namely gGSM. We suppose that the number of transmit antennas is N t and the number of active antennas is N a . In gGSM, the total transmit antennas N t should be divided into N a groups. Each group will include N g = N t /N a transmit antennas. To operate SM in each group, N g is restricted to be integer of power of 2. Then the modulation process of gGSM can be described as shown in Fig. 1 . In a specific transmit antenna group, the single active antenna is selected according to the log 2 N g space bits. Then the single active antenna will transmit an M 1 -PSK constellation symbol. By repeating the same procedure in the other (N a − 1) groups, we can obtain the whole active antenna set and the constellation symbols on them. Thus, a total of N a × log 2 N g space bits and N a × log 2 M 1 constellation bits are conveyed at each time instant. The spectrum of gGSM in bps/Hz can be expressed by
However, in conventional GSM, all the N a active antennas are selected based on the N t transmit antennas and each active antenna will transmit an M 2 -PSK constellation symbol.
Thus, a total of log 2 N t N a space bits and N a × log 2 M 2 constellation bits are conveyed at each time instant. We can obtain the spectrum of conventional GSM in bps/Hz:
We can notice that the space bits conveyed by gGSM and conventional GSM is different. An interesting mathematical phenomenon is that when N a = 2, the space bits of gGSM are the same as conventional GSM since 2 × log 2
. In this case, if utilizing the same modulation order, i.e., M 1 = M 2 in both schemes, gGSM does not suffer any data loss. But when N a > 2 and the number of transmit antennas N t > 4, we can conclude that the space bits of gGSM are less than conventional GSM since N a log 2 N g < log 2 N t N a . Thus, an effective way to reach or even exceed the data rate of conventional GSM for gGSM is to improve the symbol modulation order M 1 . However, the increase of symbol modulation order will certainly degrade the system performance. Thus, it may exist a tradeoff between the system performance and the transmit data rate for the proposed scheme, which will be further discussed in section IV. In this paper, we propose two different grouping methods, namely block grouping and interleaved grouping. In block grouping, transmit antennas are spatially divided into several groups and each group consists of the transmit antennas adjacent to each other. Interleaved grouping, however, is specially designed for correlation channels to further improve the performance of block grouping in which the antennas in each group have the maximum spatial distance among each other. In Table 1 , we list the ensemble of transmit signal x in consideration of a simple example N t = 4, N a = 2 to show the difference of the proposed two grouping schemes and conventional GSM. Here we utilize s to denote the ensemble of symbols, i.e., s = s 1 , s 2 , · · · , s N a . In consideration of the limited space for antenna placement, we discuss gGSM not only in a linear transmit antenna array but also in a 2-dimensional transmit antenna array. To provide an intuitive clarification for two grouping schemes, we take A 1 , A 2 , · · · , A N t to stand for the transmit antenna set.
1) LINEAR TRANSMIT ANTENNA ARRAY
In block grouping, the spatially adjacent antennas are gathered in each group. In a mathematical expression, the i th group contains antennas
We note that the block grouping method does not reduce the channel correlation since the distance among antennas in the same group does not change in contrast to conventional GSM. However, by decomposing space bits into several equal-sized groups where only a single antenna is selected to be active, in contrast to conventional GSM, the detection error rate of space bits can be expected to decrease effectively in condition of high channel correlation.
In interleaved grouping, the antennas of each group are distributed in the whole linear array evenly. In a mathematical expression, the i th group contains antennas
. Obviously, the maximization of the distance among antennas in the same group is equivalent to minimize the antenna correlation in each group. Thus, we can expect that interleaved grouping can further improve the system performance in contrast to block grouping.
Taking N a = 4 as an example, in gGSM, the transmit antennas are divided into 4 groups. As shown in 2) 2-DIMENSIONAL TRANSMIT ANTENNA ARRAY However, in practical massive MIMO scenarios, there are tens or hundreds of antennas in each node. If all antennas are placed in a linear array, the cost of space is too high. Thus, a 2-dimensional transmit antenna array is more proper for the practical massive MIMO systems which can save much more space for the systems. The two proposed grouping methods can also be applied in a 2-dimensional transmit antenna array.
In Fig. 3 , we consider an 8×8 square transmit antenna array with N a = 2 or 4. The square antenna array should be divided into 2 or 4 equal-sized groups. For block grouping, the square array is divided into 2 or 4 separated rectangular arrays which is shown in Fig. 3 (a) . For interleaved grouping, in order to have the maximum average distance among the adjacent antennas in the same group, only one reasonable grouping way can achieve the goal which is shown in Fig. 3 (b) . We can set the indices of the square transmit antenna array as follows: 
B. ML DETECTOR
Assuming perfect channel state information (CSI) at the receiver, the optimal maximum-likelihood (ML) detector for gGSM can be written as:
where a i denotes the detected index of the active transmit antenna in the group i, s i stands for the detected constellation symbol transmitted from each active antenna, x is the whole detected GSM symbol which can be characterized by a i and s i . VOLUME 5, 2017
C. SPATIAL CORRELATION MODEL
Due to its straightfoward mathematical description and acceptable accuracy, the Kronecker channel model is employed to model the spatial correlation among antennas at either the transmitter or the receiver,
where G ∈ C N r ×N t is the uncorrelated channel matrix, whose elements are i.i.d random values following CN (0, 1), R r ∈ C N r ×N r is the receiver correlation matrix and R t ∈ C N t ×N t is the transmitter correlation matrix. Since the performance of GSM is mainly influenced by the transmitter-side correlation, we decide to ignore the correlation at the receiver side by simply setting R r = I N r , where I N r is the identical matrix of size N r [24] . Thus, the correlated channel matrix H can be simplified as
The correlation between two antennas is assumed to decay with distance. In a linear antenna array, Corr(A i , A j ) = ρ |i−j| where Corr(A i , A j ) is the element of i th column and j th row of the correlation matrix R t and 0 ≤ ρ ≤ 1 is the correlation decay coefficient. Thus, the correlation matrix R t of the linear array can be expressed as
However, the transmit antenna A i is located in row x i and column y i for the square antenna array. Consequently, the correlation between two transmit antennas in the square antenna array is Corr(A i , A j ) = ρ √ (x i −x j ) 2 +(y i −y j ) 2 . As can be observed from the channel model, the maximization of the distance among certain transmit antennas is able to minimize the correlation of the corresponding channel coefficients.
III. PERFORMANCE ANALYSIS
In this section, the well-known union bound technique [25] is employed to derive a closed-form ABEP upper bound of gGSM. To obtain more intuitive insight into the performance, we also derive the coding gain and diversity order of gGSM and evaluate the performance of gGSM relative to conventional GSM.
A. ABEP UPPER BOUND
We assume that E s = E ||x|| 2 = 1, i.e., the transmitted signal is normalized to have unit average power. Defining the signal-to-noise-ratio (SNR) to be γ = E s /σ 2 n = 1/σ 2 n , the ABEP upper bound can be expressed as
where a denotes the ensemble of indices of active antennas, i.e., a = a 1 , a 2 , · · · , a N a , η denotes the number of bits for the whole GSM symbol, P (s → s, a → a) is the conditional pairwise error probability (PEP) of deciding on s, a given that s, a is actually transmitted, and N (s, a; s, a) denotes the number of bits in difference between s, a and s, a. According to the ML criterion in (5), the PEP is given as
Since the format of the signals x and x in (10) is exactly the same as that in conventional GSM, the result of Eq. (13) in [21] can be introduced to our derivation with some modifications. The PEP from [21, eq. (13)] can be written as
where
vec (·) is the vectorisation operator where the columns of the matrix are stacked in a column vector and 1 N r N t ∈ C N r ×N t is an all ones matrix. To simplify the discussion of the channel model, we set the channel fading to be Rayleigh fading, which results in u H = 0 and σ 2 H = 1. Consequently, the PEP can be simply expressed as
Substituting (12) into (9), we obtain
We note that the ABEP upper bound we derive is a closedform bound which does not require numerical evaluation of integrals. With different N (s, a; s, a) for each s and a, (13) is suitable for both proposed grouping schemes. Section IV will validate that the upper bound is very close to the BER simulation results in high SNR region.
B. CODING GAIN AND DIVERSITY ORDER
Although the ABEP upper bound of gGSM can be expressed in a closed-form, it provides little insight into the performance of gGSM relative to conventional GSM. In this subsection, we derive the asymptotic expression for the ABEP upper bound when SNR increases to infinity and analyze the coding gain and diversity order. Proposition 1: Based on (13), we can obtain the asymptotic expression for the ABEP upper bound when SNR γ goes to infinity:
Proof: See Appendix A. However, we should note when there are no detection errors in GSM symbol, i.e., = ( x − x) = 0, the number of bits in difference N (s, a, s, a) is zero which does not influence the result of the ABEP upper bound. Thus, the aforementioned asymptotic expression of ABEP upper bound is insufficiently strict. In the case where = ( x − x) = 0, the asymptotic ABEP upper bound contains one term which tends to be infinite (denominator equals to 0). Thus, it is necessary to ignore this special case and the asymptotic ABEP upper bound can be modified when = 0 as
To obtain the intuitive result of the coding gain and diversity order, the asymptotic expression can be written as (16) where N r is the diversity order. The corresponding coding gain of gGSM is
As can be seen from the above analysis, the diversity order of gGSM is identical to conventional GSM, i.e., N r . Thus, the performance difference is decided by the coding gain. We calculate the coding gain of two grouping schemes and conventional GSM. To reveal the performance difference more directly, we evaluate the coding gain ratio λ 1 = c block grouping /c GSM and λ 2 = c interleaved grouping /c GSM . In table 2, we list the coding gain ratio results with the system setup {N t = 16 or 64, N a = 2, N r = 8, ρ = 0.7}. The results demonstrate the advantage of our proposed scheme. Furthermore, we also find that the channel correlation parameter ρ can highly impact the coding gain results. In Fig. 4 , we discuss the influence of the channel correlation parameter ρ on the coding gain ratio λ 1 and λ 2 . As can be seen from the figure, the growth of λ 1 with ρ is quite slight and tends to be constant in high value of ρ while λ 2 continually increases with ρ, which demonstrates that block grouping can provide weak help to deal with high channel correlation and interleaved grouping can be an effective method to overcome the problem of high channel correlation. In high channel correlation, interleaved grouping enjoys about 2dB coding gain and block grouping enjoys about 0.5dB coding gain in comparison with conventional GSM.
IV. SIMULATION RESULTS AND ANALYSIS
In this section, we present numerical simulation results to validate the BER performance of gGSM in comparison with conventional GSM. Firstly, in Fig. 5 , we verify analytical results for linear antenna array with the system setup {N t = 16, N a = 2, N r = 8, ρ = 0.7 or 0.9}. As proposed in section III, when N a = 2 and utilizing the same modulation order, gGSM and conventional GSM can achieve the same data rate.
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Thus, BPSK is utilized for all schemes and the data rate is η 1 = η 2 = 8 bps/Hz. As can be seen from the figure, in high SNR region, both grouping schemes demonstrate improved BER performance in contrast to conventional GSM and the analytical results are very close to the simulation results. In the condition of ρ = 0.7, we can see that block grouping can achieve 1 dB BER performance gain and interleaved grouping can achieve 2dB BER performance gain in high SNR region. But a significant phenomenon worth noting is that in low SNR region, block grouping yields better performance interleaved grouping. To clarify this phenomenon, we plot the antenna detection error rate at low SNR and high SNR when ρ = 0.7 as shown in Fig. 6 . The figure reveals that in low SNR, it is much more likely that at least one active antenna is wrongly detected. In consideration of the fact that the correlation decreases with the distance, active antenna indices are more likely to be detected as adjacent ones. A possible example where both antennas are wrongly detected is shown in Fig. 7 . For interleaved grouping in low SNR, when both active antennas are wrongly detected to the adjacent ones, it may lead to severe errors in the detection of space bits because the adjacent antennas are belonged to different groups. However in blocking grouping, the adjacent antennas are more likely belong to the same group. In this way, the space bits which are mapped to the adjacent antenna in each group may just cause 1 bit different. Thus, the detection of space bits for block grouping can enjoy much more accuracy than interleaved grouping in low SNR. Given that the antenna detection error rate of the two grouping schemes are comparable, interleaved grouping will certainly perform poorer than block grouping in low SNR region. However, when SNR is high, the single antenna error rate of interleaved grouping is much less than block grouping and dual antenna error rate is much slight for both schemes. The reason is that in interleaved grouping, the maximum distance among the antennas in the same group makes the correlation among the antennas in the same group very moderate. Thus, single antenna error less possible to happen. Thus, interleaved grouping demonstrates improved error performance than block grouping in high SNR region. For conventional GSM, the similar explanation can account for its inferiority no matter the SNR is low or high. For conventional GSM, since the space bits are mapped to the whole transmit antenna combination, the error detection of even one antenna (single antenna error) may still lead to catastrophic error in space bits, let alone the error detection of both antennas (dual antenna error). Thus, conventional GSM performs worse than two gGSM schemes.
Then, we observe the influence of the the receive antenna number N r on the system performance with a large-scale transmit antenna array, i.e., massive MIMO. In Fig. 8 , we set the system configuration of {Linear antenna array, N t = 64, N a = 2, ρ = 0.7 1/4 , BPSK, η 1 = η 2 = 12}. As can be observed from the figure, we can find that the performance gain of gGSM relative to conventional GSM remains for all considered N r . Specially, we notice that the performance gain of interleaved grouping increases with the receive antenna number. Setting a target BER of 10 −3 , the gain of interleaved grouping compared with conventional GSM is 0.5dB, 1dB, 2dB, 3dB for N r = 2, 4, 8, 16, respectively. This again demonstrates the priority of gGSM. Furthermore, the performance difference between interleaved grouping and block grouping in low SNR region is larger when N t = 64 compared with Fig. 5 (N t = 16 ) since the bit error induced by dual antenna error in interleaved grouping increases with a larger number of space bits when N t = 64 which again validate our discussion in Fig. 5 . Next, in Fig. 9 , we discuss a more general case in which N a = 4. The rest of the system configuration is {N t = 16, N r = 8, ρ = 0.7}. As discussed in section III, in this case, the number of space bits for conventional GSM is larger than that of gGSM. Thus, if we utilize the same symbol modulation order in gGSM and conventional GSM, gGSM will suffer unavoidable data loss. Thus, we decide to improve the symbol modulation order to make up the data rate loss for the proposed scheme. If both gGSM and conventional GSM utilize BPSK modulation, η 1 = 12 and η 2 = 14. To improve the data rate of the proposed gGSM, QPSK modulation is utilized in the proposed scheme and η 1 increases to 16. As we can see in the figure, gGSM under the two types of data rate still performs better than conventional GSM which again demonstrates the superiority of gGSM since both the spectrum efficiency and system robustness improve in this case. We also note an important phenomenon that gGSM under BPSK modulation performs better than gGSM under QPSK modulation since in higher modulation order case, a wrongly detected constellation symbol may cause more bits error which will degrade the system performance. Thus, it is certain that when we continue to improve the modulation order to obtain larger data rate for gGSM, the performance of gGSM may degrade until below to conventional GSM. It is reasonable to expect a trade-off between the BER performance and the system spectrum efficiency. Furthermore, we can find that with a larger N a compared with Fig. 7 , N a = 2, the performance becomes worse, which can be explained by the increased correlation among antenna groups. In Fig. 10 , we discuss the influence of the exponential correlation parameter ρ under 5dB and 10dB respectively. The system setup is {N t = 16, N a = 2, N r = 8}. As shown in the figure, the BER performance of the three schemes all degrades when ρ increases. Also, we notice that in very low SNR (5dB), interleaved grouping performs worse than block grouping since the antenna detection error is very severe which leads to severe errors in space bits as discussed in Fig. 5 and Fig. 8 . When SNR increases to 10dB the performance of interleaved grouping begins to approach to that of block grouping. Another phenomenon worth noting is that when ρ is quite small, the performance of interleaved grouping is almost the same as that of block grouping. The reason is straightforward. Because the benefits brought by interleaved grouping essentially comes from the reduced correlation within antenna groups. When ρ is quite small, i.e., the channel correlation are nearly uncorrelated, interleaved grouping is simply like block grouping. Finally, in Fig. 11 , we show the simulation results in consideration of a 2-dimensional transmit antenna array. Specifically, we utilize the square antenna array shown in Fig. 3, i. e., N t = 8 × 8. The rest system configuration is VOLUME 5, 2017 {N r = 8, N a = 2, ρ = 0.7 1/4 , BPSK, η 1 = η 2 = 12}. The block and interleaved grouping method illustrated in Fig. 3 are used in the simulation. As can be seen from Fig. 11 , we can find the similar gap between gGSM and conventional GSM in the square antenna array, and similar intersection between the curve of block grouping and interleaved grouping. By comparing Fig. 11 with curves of N r = 8 in Fig. 8 , we can also find that the performance gain of gGSM in a square antenna array is less than that in a linear antenna array with the same system configuration. The reason is that antennas of a square antenna array are more concentrated than those in a linear antenna array, i.e., the average distance between two antennas in a square array is shorter than in a linear array. Consequently, the correlation of the channels of a square antenna array is higher than a linear antenna array, which causes the system performance degradation.
V. CONCLUSIONS
In this paper, we proposed a novel transmit antenna grouping GSM scheme to improve the system performance. Two grouping methods, namely block grouping and interleaved grouping were proposed to reduce the antenna detection error induced by the inevitable channel correlation in massive MIMO systems. Apart from the linear antenna array, we also considered a 2-dimensional transmit antenna array to conduct the proposed scheme. We derived a very tight ABEP upper bound for the proposed scheme and analyzed the coding gain and diversity order using this ABEP upper bound. Finally, the analytical and simulation results revealed the performance gain of our proposed scheme relative to conventional GSM.
